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Aim: Isoniazid (INH) and rifampicin (RIF) are the main drugs used in the treatment of tuberculosis; however, 

their combined use can lead to kidney damage through oxidative stress and inflammation. Curcumin, a natural 

polyphenol derived from Curcuma longa, holds promise in reducing drug-induced nephrotoxicity due to its 

antioxidant and anti-inflammatory properties. This study investigated whether curcumin protects against 

kidney damage induced by INH and RIF. 

Methods: INH and RIF (100 mg/kg each) were administered to Wistar rats in combination (INH+RIF), either 

alone or together with curcumin (100 mg/kg). The animals were sacrificed after 24 hours, 7 days, and 14 days, 

and their kidneys were collected. Histological evaluation was performed with H&E, PAS, and Masson's 

trichrome stains, and quantitative morphometric analyses were performed for Bowman’s capsule diameter, 

glomerular diameter, and Bowman’s space area. In parallel with the study, the interaction of curcumin with 

inducible nitric oxide synthase (iNOS) was investigated by molecular docking and compared with that of 

resveratrol, quercetin, and N-acetylcysteine amid. 

Results: Significant glomerular shrinkage, tubular damage, and inflammatory cell infiltration were observed 

in the INH+RIF group. Curcumin co-treatment preserved renal architecture and attenuated these changes. 

Docking showed that curcumin formed stable H-bonds and π–π interactions with key residues of iNOS 

(Tyr489, Cys200), and its binding energy (−7.08 kcal/mol) was more favorable than that of resveratrol (−5.54), 

quercetin (−4.89), and N-acetylcysteine amide (−3.16 kcal/mol). 

Conclusions: Curcumin attenuated INH/RIF-induced kidney injury; this effect is consistent with docking 

findings suggesting that iNOS-related oxidative pathways may be limited. The findings support curcumin as a 

potential co-therapy candidate to improve renal safety during tuberculosis treatment. 
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Tuberculosis (TB) is a chronic infectious 

disease caused by Mycobacterium tuberculosis, 

which remains a significant public health 

concern globally. TB primarily affects the lungs 

but can also impact other organs, leading to 

severe complications and even death if 

untreated. According to the World Health 

Organization (WHO), TB is one of the top 10 

causes of death worldwide. Besides, millions of 

new cases are diagnosed each year, 

underscoring the critical need for effective 
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treatment [1].  Promising developments have 

emerged in medical treatment; yet TB therapy 

is still difficult. This is mainly due to the side 

effects of associated primary anti-tuberculosis 

drugs, such as isoniazid (INH) and rifampicin 

(RIF) [2]. Unfortunately, the use of INH and 

RIF, first-line agents with high activity against 

Mycobacterium tuberculosis, can have toxic 

effects on the liver and kidney, leading to 

hepatotoxicity and nephrotoxicity, respectively 

[3]. INH inhibits the biosynthesis of mycolic 

acids, essential components of the 

mycobacterial cell wall, while RIF targets 

bacterial RNA polymerase, suppressing 

transcription and halting protein synthesis [4,5]. 

While concomitant use of these two drugs may 

shorten the duration of treatment, the fact that 

both are potent hepatic enzyme inducers may 

increase the risk of toxicity [6]. Kidney 

damage, particularly due to INH+RIF, is 

clinically significant because the process can 

progress from acute kidney injury to chronic 

kidney disease [7,8]. Clinical manifestations 

include damage to glomerular and tubular 

structures, proteinuria, and hematuria; in severe 

cases, renal function loss may become evident. 

Therefore, it is important to closely monitor 

renal function (e.g., serum creatinine, BUN, 

urinalysis) and consider strategies to reduce the 

risk of nephrotoxicity when administering 

INH+RIF regimens. Oxidative stress and 

inflammation induced by drug metabolism are 

the primary drivers of this pathology. Thus, the 

need for preventive approaches that can 

mitigate these adverse effects without 

compromising antimicrobial efficacy is 

increasing. 

 Curcumin, a natural polyphenol derived 

from Curcuma longa, stands out as a potential 

nephroprotective agent due to its antioxidant 

and anti-inflammatory properties [9,10]. 

Previous studies have shown that curcumin can 

inhibit lipid peroxidation, reduce reactive 

oxygen species, and decrease pro-inflammatory 

cytokines in renal tissue [11,12]. Considering 

this information, it is of interest whether 

curcumin can attenuate structural and 

functional kidney damage induced by 

combined INH+RIF in rats. Therefore, in this 

study, we aimed to evaluate the protective 

effect of curcumin against structural and 

functional kidney damage induced by 

INH+RIF. For these purposes, we examined 

histopathological changes (e.g., tubular 

degeneration, glomerular morphology, 

fibrosis). Additionally, we complement our 

histopathology with a molecular docking 

workflow to clarify how curcumin may protect 

against INH+RIF-induced nephrotoxicity. 

Specifically, we evaluate curcumin’s binding 

affinity and interaction profile with iNOS, a 

central effector in oxidative stress and 

inflammation. Prior work supports docking to 

probe curcumin–target interactions, but studies 

centered on INH+RIF injury remain limited. To 

fill this gap, we compare curcumin against 

alternative nephroprotective agents—

resveratrol, quercetin, and N-acetylcysteine 

amide (NACA)—at iNOS and related renal 

toxicity targets. 

These comparators were selected for their 

anti-inflammatory and antioxidant actions: 

resveratrol attenuates LPS-induced AKI via 

macrophage/NF-κB suppression (13); quercetin 

modulates apoptosis, NF-κB signaling, and 

NOS gene expression, reducing oxidative and 

inflammatory damage (14); and NACA protects 

proximal tubular cells by inhibiting p38 MAPK 

and iNOS pathways [15, 16]. Because 

INH+RIF nephrotoxicity involves iNOS 

activation, oxidative stress, and NF-κB 

upregulation, our head-to-head docking is 
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designed to test whether curcumin exhibits 

superior bindings supporting its potential as an 

adjunct to TB therapy—while also 

benchmarking the relative efficacy of these 

candidates. 

 

 

2.1. Animals: We used 60 adults female 

Wistar rats (180–350 g) in this study. All 

animals used in this study were female. This 

design was selected to reduce biological 

variability and ensure consistency in 

experimental outcomes. While sex is 

recognized as an important biological variable 

in biomedical research [17], the use of a single 

sex is an accepted approach in exploratory 

preclinical studies, provided that its limitations 

are clearly acknowledged. All procedures were 

approved by the Ondokuz Mayis University 

Animal Ethics Committee (Ref. E-68489742-

604.01.03-97607) and followed ARRIVE 

guidelines. The rats were housed under 

standard conditions (12 h light/dark cycle, 

22 ± 2 °C) with free access to food and water. 

2.2. Treatments: The rats were randomly 

assigned to four groups (n=15 each): (1) 

Control (no treatment), (2) Curcumin alone 

(100 mg/kg/day by oral gavage), (3) INH+RIF 

(100 mg/kg each, orally), and (4) INH+RIF 

(100 mg/kg each) + Curcumin (100 mg/kg) 

simultaneously. Treatments were administered 

once daily. Curcumin was first dissolved in a 

small volume of DMSO and then diluted with 

physiological saline to obtain the desired 

concentration before oral administration. Each 

group was further subdivided (n=5) for 

sacrifice at 24 h, 7 d, or 14 d after treatment 

began.  

2.3. Histology: Histological evaluation was 

carried out with minor adaptations from 

previous protocols [18]. At each time point, 

animals were sacrificed under anesthesia; the 

kidneys were removed and fixed in 10% neutral 

buffered formalin. Tissues were processed 

routinely and embedded in paraffin. Serial 

sections of 5 µm thickness were cut from each 

specimen, and the following stains were 

applied: hematoxylin-eosin (H&E; general 

morphology), Periodic Acid–Schiff (PAS; 

highlighting basement membrane and 

glycogen), and Masson's trichrome 

(demonstration of fibrosis). Preparations were 

examined under a light microscope, and 

representative areas were photographed. 

2.4. Morphometric Analysis: Bowman's 

capsule diameter, Bowman's space area, and 

glomerular diameter were measured with 

calibrated imaging software. All variables were 

quantitatively assessed for each treatment 

group and at each time point. 

2.5. Molecular Docking: To further 

investigate the possible binding configurations 

of curcumin, inducible nitric oxide synthase 

(iNOS) was selected as the target protein, and 

docking simulations were conducted. Ligands 

(curcumin, resveratrol, quercetin, and N-

acetylcysteine amide) were downloaded from 

the PubChem database (CIDs: 969516, 445154, 

5280343, 10176265). Structures were prepared 

using AutoDockTools according to a standard 

workflow: missing hydrogens were added, 

appropriate protonation states were assigned, 

Gasteiger partial charges were defined, and 

rotatable bonds were identified to make the 

ligands flexible. The iNOS crystal structure 

(PDB: 4NOS) was used for the target protein; 

non-essential heteroatoms, such as water and 

the co-crystal ligand, were removed, polar 

hydrogens were added, and charges were 

assigned.  Docking was performed using the 

Lamarckian Genetic Algorithm (LGA) via 

AutoDock 4.2, while AutoDockTools 1.5.7 was 

used for ligand and receptor preparation. A 60 

× 60 × 60 Å³ grid was defined to encompass the 

2.  Materials and methods 
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active site, and the grid center was positioned 

over the active pocket. Runs were performed 

with standard/extended settings recommended 

by AutoDock. The best docking pose for each 

ligand was selected based on the lowest binding 

energy and cluster analysis (RMSD), and these 

poses were used for all 2D and 3D interaction 

visualizations. Hydrogen bonds, π–π stacking, 

and hydrophobic contacts were examined with 

Discovery Studio Visualizer, and their 

alignment with key residues in the iNOS active 

site was assessed. This analysis provided a 

concise mechanistic framework supporting the 

histopathological findings.  

2.6. Statistics: All statistical calculations 

were performed using SPSS software. The 

distributional properties of the variables were 

initially assessed using the Shapiro–Wilk test, 

and parametric methods were used for 

measurements assuming normality. 

Comparisons between groups were made using 

one-way ANOVA at each time point (24 h, 7 

days, and 14 days); Post hoc comparisons were 

performed using Tukey’s honestly significant 

difference (HSD) test following significant 

ANOVA results. Statistical significance was set 

at a two-tailed p < 0.05. Results are presented 

as mean ± standard error of the mean (SEM) 

unless otherwise stated. This approach allowed 

for the analysis of time-point-specific group 

effects separately and for controlling for 

multiple-comparison bias. 

 

 

3.1. Histological Findings: Kidney 

microarchitecture was preserved at all time 

points in the control and curcumin-only groups; 

glomerular borders were distinct, Bowman's 

space was at physiological levels, and tubular 

epithelial integrity and luminal organization 

were normal (Supplementary Figures S1a–c). 

In contrast, significant damage was observed in 

the INH+RIF group: glomerular shrinkage, 

tubular epithelial integrity/degeneration, and 

increased inflammatory cell infiltration per unit 

area (Supplementary Figures S2a–b). This 

pattern suggests that both glomerular and 

tubular components were significantly affected 

in the absence of curcumin. A significant 

preservation of renal architecture was observed 

in the curcumin co-treatment (INH+RIF+CUR) 

group.  

The glomerular structure and Bowman's 

space appeared closer to physiological limits, 

while tubular epithelial integrity was largely 

preserved; degenerative changes and interstitial 

inflammatory cell accumulation were 

significantly less than in the INH+RIF group. 

This protective appearance persisted across 

time points, while histological 

scores/morphometric measurements (e.g., 

glomerular size and Bowman's space 

parameters) also trended in favor of curcumin 

co-treatment (Supplementary Figures S2c–d). 

PAS and Masson’s trichrome stains confirmed 

these patterns: INH+RIF alone caused 

glomerular collapse and fibrosis 

(Supplementary Figures S3a,3c), whereas 

curcumin co-treatment (INH+RIF+CUR) 

maintained normal glomerular outlines and 

minimal collagen deposition (Supplementary 

Figures S3b, 3d).  

In addition, temporal evaluation across 

different time points indicated that renal 

damage was most pronounced at the early (24-

hour) stage, while partial structural recovery 

and reduced inflammatory changes were 

observed at later time points (7 and 14 days), 

particularly in the curcumin-treated groups. 

3.2. Morphometry: Quantitative analysis 

showed that INH+RIF significantly reduced 

Bowman’s capsule diameter and area 

(indicating compression of Bowman’s space) 

and increased glomerular diameter at 24 h and 

3. Results 
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14 d (p<0.05 vs. Control; Table 1). Curcumin 

co-treatment partially reversed these changes: 

in the INH+RIF+CUR group, Bowman’s 

parameters were closer to control values 

(Figure 1a,c), and glomerular diameter was 

significantly lower than in INH+RIF alone 

(Figure 1b). These results indicate that 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

curcumin effectively mitigates structural 

alterations caused by INH+RIF. The curcumin-

only (CUR) group did not show statistically 

significant differences compared to the control 

group in any of the measured morphometric 

parameters, indicating that curcumin alone did 

not induce structural alterations in renal tissue. 
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Figure 1. Mean comparisons of renal structural parameters across experimental groups. (a) Bowman Capsule 

Diameter, (b) Glomerular Diameter, and (c) Bowman Area measured in Control, Curcumin (CUR), INH+RIF, and 

INH+RIF+CUR groups. Data are presented as mean ± standard error (SEM). 

 

Table 1. One-Way ANOVA results for 24-hour group data. 

 Sum of Squares df* Mean Square F* Sig.* 

Bowman’s 

capsule 

diameter 

Between Groups 1068,662 3 534,331 5,771 ,018 

Within Groups 1111,058 12 92,588   

Total 2179,721 14    

Bowman’s 

space area 

Between Groups 183,622 3 91,811 6,716 ,011 

Within Groups 164,038 12 13,670   

Total 347,659 14    

Glomerular 

diameter 

Between Groups 412,561 3 206,280 2,565 ,118 

Within Groups 964,975 12 80,415   

Total 1377,536 14    

*df: Degrees of Freedom F*: F-Statistic: Sig.*: p-value  

 



                                              Alpaslan et al.  / Exp Biomed Res / 2026; 9(3):164-175 

   
 

169 
 

3.3. Docking Results: Curcumin showed the 

strongest binding to iNOS (binding energy –

7.08 kcal/mol; Ki ≈ 6.5 µM) (Table 2-3). It 

formed two key hydrogen bonds (with CYS200 

and TYR489) and a π–π stacking interaction 

with TRP463, stabilizing its position in the 

active site. Resveratrol also bound iNOS (– 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.54 kcal/mol), but with fewer interactions, 

while quercetin and NACA bound weaklier (–

4.89 and –3.16 kcal/mol, respectively), 

showing partial or no specific active-site 

interactions. Overall, curcumin’s docking pose 

occupied the iNOS active pocket more fully 

than the other ligands (Fig. 2a–d, Fig. 3a–d). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Detailed docking and clustering parameters of curcumin and reference compounds against iNOS (PDB 

ID: 4NOS). 

Ligand 
ΔG 

(kcal/mol) 
Ki 

Cluster 

Size 
RMSD (Å) 

Intermolecular 

Energy 

(kcal/mol) 

vdW + 

Hbond 

(kcal/mol) 

Electrostatic 

(kcal/mol) 

No. of 

Clusters 
Interpretation 

Curcumin -7.08 6.48 µM 1 0.00 -10.06 -9.94 -0.12 9 

Strong 

binding; 

lowest energy 

pose but low 

cluster stability 

Resveratrol -5.54 86.95 µM 3 0.00–1.59 -7.03 -6.82 -0.21 8 

Moderate 

binding; most 

stable cluster 

observed 

Quercetin -4.89 
261.94 

µM 
1 0.00 -6.68 -6.32 -0.35 10 

Weak binding; 

highly 

dispersed 

conformations 

NACA -3.16 4.80 mM 1 0.00 -4.36 -4.22 -0.13 10 

Very weak 

binding; no 

stable or 

specific 

interaction 

Strong binding: ΔG ≤ −6.5 kcal/mol and interaction with key active-site residues. Moderate binding: −6.5 <ΔG ≤ −4.5 kcal/mol and/or 

partial active-site interaction. Weak binding: ΔG > −4.5 kcal/mol with absence of stable clustering or active-site interaction. Clustering 

was performed using an RMSD tolerance of 2.0 Å across 10 docking runs. The representative pose for each ligand corresponds to the 

lowest binding energy conformation. 

 

Table 3.  Active Site Interaction Profiles and Binding Characteristics of Curcumin and Reference Compounds 

Against iNOS (PDB ID: 4NOS). 

Compound 
PubChem 

CID 

Active Site 

Interactions 
Key Interactions 

Active Site 

Binding 
Interpretation Summary 

Curcumin 969516 
ARG199, CYS200, 

TRP463, TYR489 

H-bonds (CYS200, 

TYR489), π–π stacking 

(TRP463), hydrophobic 

interactions 

*Yes 
Strong and stable binding at the active site; 

best docking performance 

Resveratrol 445154 

ARG199, CYS200, 

TYR489, TYR491, 

GLU377 

H-bonds, π–alkyl 

interactions 
*Yes 

Moderate binding; interacts well with 

active site residues 

Quercetin 5280343 ARG381 

π–alkyl interaction 

(ARG381), H-bonds, π–

sigma interaction) 

**Partial 
Weak active site targeting; lower binding 

affinity 

NACA 10176265 None 

H-bonds (GLU145, 

LYS103); unfavorable 

donor–donor interactions 

***No 
Weak and nonspecific binding; does not 

interact with the active site 

*Strong and specific binding to the active site; **Peripheral or partial binding; ***No relevant interaction with the active site. 
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Figure 2. 2D ligand interaction diagrams of curcumin and reference compounds with iNOS (a) Curcumin 

formed hydrogen bonds with TYR489 and CYS200, and π–π stacking with TRP463. (b) Resveratrol displayed 

hydrogen bonding and π–alkyl interactions with ARG199, CYS200, and TYR489. (c) Quercetin interacted 

weakly, forming bonds with ARG381 and surrounding residues. (d) NACA showed no specific active site 

binding, with several unfavorable interactions. 
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Drug-induced nephrotoxicity is a persistent 

clinical problem—especially with first-line TB 

agents INH and RIF, which can provoke 

oxidative stress, mitochondrial dysfunction, 

and renal inflammation [19]. Against this 

backdrop, we focus on curcumin, a polyphenol 

from Curcuma longa with pleiotropic activity—

antioxidant, anti-inflammatory, and anti-

fibrotic—supporting its promise as a 

renoprotective adjunct [20, 21].  

We confirmed  that co-administration of 

isoniazid and rifampicin causes significant 

nephrotoxic injury in rats, consistent with the 

literature on anti-TB drug toxicity. Our findings 

align with prior reports of oxidative and 

inflammatory renal damage from INH+RIF [19, 

22].Notably,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

curcumin co-treatment preserved kidney 

histology; we observed substantially less 

glomerular collapse and tubular degeneration in 

the INH+RIF+CUR group.   

In particular, the study by Thuawaini et al. 

[22] demonstrated that curcumin (Curcuma 

longa) significantly attenuates INH/RIF-

induced renal injury. Their histopathological 

findings showed severe glomerular and tubular 

damage in the INH+RIF group, including 

tubular degeneration, inflammatory cell 

infiltration, and structural disruption of renal 

tissue. In contrast, curcumin co-treatment 

markedly reduced these alterations, resulting in 

improved renal architecture with reduced 

tubular injury and inflammatory infiltration, 

and near-normal glomerular structure. 

4. Discussion 

(a) 

 

(b) 

 

(c) 

 

 

(d) 

 

Figure 3. 3D Binding Poses of Curcumin and Reference Compounds within the iNOS Active Site (a) 

Curcumin is bound stably in the iNOS active pocket and fits well into the active site cavity. (b) Resveratrol 

displayed moderate docking conformation and site occupation. (c) Quercetin adopted a peripheral pose 

relative to the catalytic core. (d) NACA showed weak, non-specific binding, indicating a low binding affinity. 
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Similarly, in our study, curcumin co-

administration preserved renal histology, with 

reduced glomerular collapse and tubular 

degeneration compared to the INH+RIF group. 

These consistent findings across studies 

reinforce the protective role of curcumin 

against INH/RIF-induced nephrotoxicity. 

Minor differences between studies may be 

attributed to variations in experimental design, 

dosage, and treatment duration; however, the 

overall trend strongly supports curcumin’s 

beneficial effects on drug-induced renal injury. 

These protective effects are parallel with 

reports of curcumin’s protective actions in other 

models. For example, Çetin et al. found that 

curcumin mitigated acrylamide-induced 

neuronal damage in rat hippocampus [23], and 

Kavaleuskaya et al. showed that a curcumin 

derivative protected human cells from arsenic 

toxicity [24]. Such studies reinforce curcumin’s 

broad cytoprotective role via anti-oxidative and 

anti-inflammatory pathways, which may also 

be relevant in the context of renal injury. 

During docking studies, all ligands were 

docked using the same grid box, centered on the 

iNOS active site, to ensure consistency in 

binding-site evaluation. Although NACA has 

been reported to inhibit iNOS activity in 

biological systems, its mechanism of action is 

primarily indirect, involving the suppression of 

oxidative stress and modulation of 

inflammatory signaling pathways, such as NF-

κB and p38 MAPK [15,16]. In the present 

docking analysis, NACA did not interact with 

key iNOS active-site residues and instead 

adopted a peripheral binding orientation, 

accompanied by several unfavorable 

interactions. This suggests that NACA does not 

function as a direct active-site inhibitor of 

iNOS. The discrepancy between its known 

biological activity and docking behavior 

highlights that NACA likely regulates iNOS 

expression or activity through upstream 

pathways rather than through direct binding to 

the catalytic site. This distinction further 

underscores the stronger, more specific active-

site binding profile observed for curcumin. 

Our molecular docking results suggest a 

possible interaction between curcumin and the 

iNOS active site. Curcumin formed multiple 

stabilizing interactions within the binding 

pocket; however, these findings are based on 

computational predictions and do not confirm 

direct enzymatic inhibition. These interactions 

may indicate potential to modulate iNOS-

related pathways, although direct inhibition of 

NO production cannot be concluded from 

docking analysis alone. Therefore, the 

predicted interaction with iNOS may partially 

contribute to the preserved kidney structure 

observed experimentally, possibly through 

modulation of oxidative stress and 

inflammatory responses [25,26]. 

These results complement other studies 

where curcumin modulated inflammatory 

signaling (e.g. TLR4/NF-κB) and fibrotic 

pathways (e.g. TLR4/PI3K/AKT) in renal 

injury [20]. In summary, our integrated 

histological and in-silico findings indicate that 

curcumin has nephroprotective effects. These 

effects may be associated with its antioxidant 

capacity and its potential interaction with 

iNOS-related pathways. However, further 

experimental studies are required to confirm 

direct iNOS inhibition. Therefore, curcumin 

may represent a promising adjunct therapy for 

protecting kidney function during tuberculosis 

treatment. 

4.1. Conclusion: In conclusion, we show 

that curcumin reduces isoniazid- and 

rifampicin-induced nephrotoxicity in rats 

across 24h, 7d, and 14d, by preserving 

glomerular and tubular architecture and 

limiting fibrosis on H&E, PAS, and Masson’s 
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trichrome staining. Morphometric analyses 

further show that co-treatment with curcumin 

partially normalizes Bowman’s capsule/space 

metrics and reduces glomerular enlargement 

relative to INH+RIF alone. In silico, we find 

that curcumin exhibits the strongest binding to 

iNOS (ΔG ≈ −7.08 kcal/mol) and forms 

stabilizing H-bond and π-stacking interactions 

within the active site, outperforming 

resveratrol, quercetin, and NACA, thereby 

providing a mechanistic rationale for the 

histological protection observed. Collectively, 

our integrated histopathology–docking results 

support curcumin as a promising adjunct to 

improve renal safety during TB therapy.  

To enhance translational relevance, future 

studies should (i) include larger, sex-balanced 

cohorts to capture biological variability; (ii) 

pair histology with functional and mechanistic 

readouts (e.g., serum creatinine/BUN, urinary 

protein, oxidative and inflammatory markers, 

and tissue NO/iNOS activity); (iii) perform 

dose–response and pharmacokinetic 

assessments to optimize exposure; and (iv) 

extend beyond static docking to molecular 

dynamics and broader target panels relevant to 

renal injury. These steps will help refine 

curcumin’s therapeutic window and clarify its 

role as a kidney-protective co-treatment in anti-

tuberculosis regimens. 

Supplementary Material: Supplementary 

Figures 1–3 are available as a single 

supplementary file accompanying this article. 

These figures present histological images 

supporting the renal structural findings 

described in the Results section. 
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